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A relationship between tidal dissipation and habitability in 
9ǳǊƻǇŀΩǎ ƻŎŜŀƴΚ
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One or two thermal pulses, or 

very short periods

10s to 1000s short thermal 

pulses, or medium 

durations of a small 

number of highly 

dissipative events

Continuous dissipation 

over long periods (>100 

Myr )

High (silicate 

melting)

Magma crystallizationin situ: no 

effect on seafloor. Hydrothermal 

circulation shuts off quickly

Punctuated lavaeruptions, 

sufficient mass/energy 

supply

Vigorous magmatism,ice 

shell removed

(i.e., Io)

Medium (vigorous 

hydrothermal 

circulation)

Punctuated seafloor-ocean

exchange, environment is 

eventually too mass/energy poor 

for habitability

Punctuated seafloor-ocean

exchange, energy rich

Vigorous hydrothermal 

circulation; equilibrium and 

poreocclusion may result

Low (clathrate 

destabilization)

Insufficient continuity of 

mass/energyexchange to support 

habitable environment

Punctuated seafloor-ocean

exchange, energy poor

Continuous low amount of 

groundwater circulation and 

alteration; equilibrium and 

poreocclusion may result

None ñThermodynamic deathò; no chemical gradients available to support habitability

Increasing time
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Not to scale
Image from Castillo-Rogez(2020)
NASA/JPL ςCaltech/UCLA/MPS/DLR/IDA

Some 
ocean 
worlds in 
our solar 
system

Low density crust 
overlain by regolith
~1290 kg/m3

(Ermakovet al. 2017)
~1100 kg/m3

(Mao & McKinnon 
2018)

Moderately low 
density mantle
~2430 kg/m3

(Ermakovet al. 2017)
~2700 kg/m3

(Mao & McKinnon, 
2018)
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Europa is dense (~3000 kg/m3) compared to Ceres.
/ŜǊŜǎΩ ōǳƭƪ ŘŜƴǎƛǘȅ ƛǎ ǎƛƳƛƭŀǊ ǘƻ ƻǘƘŜǊ ƛŎȅ ōƻŘƛŜǎΦ

Different meteoritic building 
blocks and planetary bodies 
contain different masses of water:

Titan >  CI (~20 wt. %) > CM (~13 wt. %) 
> Europa > L (~1 wt. %) > H (~0.3 wt. %) > 
CV (~0.2 wt. %)

Meteorite water contents from Loddersand Fegley
(1998) and Garenneet al. (2014)

(м ƪƎ ǎŜǊǇŜƴǘƛƴŜ Ҧ  Ϥ лΦмо ƪƎ ǿŀǘŜǊύ
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From Castillo-Rogez; modified from Hussmann et al. (2006)



¢ƘŜǊŜΩǎampleevidenceof hydration& dehydration
metamorphismin the possiblebuildingblocks of oceanworlds
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CM chondrite QUE 93005,15
(Velbel& Palmer, 2011)

CM2 chondrite Nagoya (Velbelet al., 2012)

Serpentine ᵶOlivine + Orthopyroxene + H2O
Mg3Si2O5(OH)4ᵶMg2SiO4 + MgSiO3 + 2H2O
όм ƪƎ ǎŜǊǇŜƴǘƛƴŜ Ҧ лΦмо ƪƎ ǿŀǘŜǊύ



Hypotheses: 1) Oceanson oceanworldsare formedbymetamorphicreactionsin the 
deepinterior duringdifferentiationor tidal dissipation

нύ /ŜǊŜǎΩ low densitymantle(~2430, or ~2700 kg/m3) and slightdeparturefrom
hydrostaticityisa resultof partialdifferentiation

Body with a core

(Present Europa and Ganymede)

Core-less body

(Current Titan and Ceres, and 
Past Europa?)

Accreted body

(homogeneouscomposition)

1 2
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Planetary differentiation trend
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Goals
ÅCƻǊ /ŜǊŜǎ Υ /ƻƴǎǘǊŀƛƴ /ŜǊŜǎΩ ŎƘŀƴƎƛƴƎ ŘŜƴǎƛǘȅ ŘǳǊƛƴƎ ǘƘŜǊƳŀƭ ŜǾƻƭǳǘƛƻƴΥ ¢ƘŜ ǊŜǎǳƭǘƛƴƎ ƳŜŀƴ ƳŀƴǘƭŜ ŘŜƴǎƛǘȅ 

should be ~2700 kg/m3 (Mao and McKinnon, 2018) or ~2430 kg/m3 (Ermakovet al. 2017).

Å/ƻƴǎǘǊŀƛƴ ǘƘŜ ŎƻƳǇƻǎƛǘƛƻƴ ƻŦ ŦǊŜŜ ŦƭǳƛŘǎ ŜǾƻƭǾŜŘ ŦǊƻƳ ǘƘŜ ƛƴǘŜǊƛƻǊ ƻŦ /ŜǊŜǎ ŘǳǊƛƴƎ ƛǘǎ ǘƘŜǊƳŀƭ ŜǾƻƭǳǘƛƻƴ Ҧ 
open system, irreversible fluid loss!

Methods
ÅPredicting the stable phase assemblage by Gibbs energy minimization using Perple_X(e.g. Connolly, 2009)

ὨὋ ὛὨὝὠὨὖВ ‘Ὠὲ

Mass balance equation   ὢ В ὼὲ

Required: Gibbs free energy of formation at standard conditions (Gf) Entropy at standard conditions (S0) 
Enthalpy at standard conditions (H0) Molar volume (V)

Crucially: thermodynamic coefficients/complex-specific parameters/HKF EOS to extrapolate caloric properties 
to other pressures and temperatures

Composition of component i in phase k

Molar fraction of phase k

Introduction/Methods
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Bulk compositions 
considered

CM chondrite

CI chondrite

ά!ŎŎǊŜǘƛƻƴ ƳƻŘŜƭέ

CI chondrite FMQ-2 

Variables tested for Europa

Europa methods/results: variables tested



Interior heatingmodels: Constrainingthe amountof 
fluid producedinsideEuropa prior to coresegregation

Heatinghomogeneously(left to right on graph). Fluidsare removed from the systemas they are produced.
Calculatedusingfree energyminimizationwith Perple_X(Connolly2005, EPSL; 2009 G3; Connollyand Galvez2018, EPSL).

Fluid massextractedfrom the interior at 
different pressures/depthsand temperatures

Resultingdensityafter fluid extractionfrom the 
interior at different pressuresand temperatures
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Europa results: Exsolved volatiles during metamorphism



Interior heatingmodels: 
Changingmineralogywith increasingtemperature
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Europa results: Changing mineralogy with increasing temperature

Atg= antigorite
Bt = biotite
Chl= chlorite
Cpx= clinopyroxene
Dee = deerite
Dia= diamond
Dol= dolomite
Grt = garnet
Gth= goethite
Lws= lawsonite

Lz= lizardite
Mgs = magnesite
Mica = mica
Ol= olivine
Opx= orthopyroxene
Pmp= pumpellyite
Py= pyrite
Spl= spinel
Tlc= talc
Tro= troilite

ʅextract= Sum of volatilesextracted

Focus here on 3 GPa, 
inside the rocky interior

CI chondrite

CM chondrite


